The aerodynamic characteristics of propeller-wing interaction for the rocket launched UAV have been investigated numerically by means of sliding mesh technology. The corresponding forces and moments have been collected for axial wing placements ranging from 0.056 to 0.5 and varied rotating speeds. The slipstream generated by the rotating propeller has little effects on the lift characteristics of the whole UAV. The drag can be seen to remain unchanged as the wing's location moves progressively closer to the propeller until 0.056 away from the propeller, where a nearly 20% increase occurred sharply. The propeller position has a negligible effect on the overall thrust and torque of the propeller. The efficiency affected by the installation angle of the propeller blade has also been analyzed. Based on the pressure cloud and streamlines, the vortices generated by propeller, propeller-wing interaction, and wing tip have also been captured and analyzed.
Introduction
Due to the high efficiency characteristics, the propeller is often used for the low-speed aircrafts, such as the straightline aircrafts and short-range aircrafts. With the growth of the computing capability and update in the improvement of CFD methods, many researchers investigated the interference between propeller and fuselage numerically.
Strash and Lednicer [1] had conducted simulations to study the aerodynamic interferences between the propeller slipstream and fuselage. The corresponding results showed that the comparisons between computed and measured wing pressure data were good and the propeller thrust coefficient was within 12% of the experiment. Muller and Aschwanden [2] had conducted the wind tunnel tests to analyze the slipflow effects of the rapid transit aircraft. During the tests they had developed a new type of engine system which can be successfully applied to the low-speed wind test. Boyle et al. [3] had investigated the aerodynamic characteristics of the propeller in the transonic and subsonic conditions, which was equipped with six blades. The flow field created by the propeller slipstream in the steady and unsteady flows had also been studied.
Gamble and Reeder [4] performed the static test and wind tunnel test, respectively, to study the interference characteristics between the propeller and wing. The results showed that between 12 and 18% of propeller thrust had been translated into airframe drag, with the largest percentage occurring for the wing placement closest to the propeller. In order to solve the unsteady flow problems of three-dimensional multichip blade in preflight condition, Boniface et al. [5] had simulated the waving and pitch movement of blades. One advantage of the dynamic grid was to be included in the actual blade waving and variable distance movement. Unfortunately, the drawback for this configuration is that the grid deformation will be happened at the middle of the region, which might affect the calculation results seriously. Meakin [6] had calculated the unsteady flow field and load of the oblique rotary-wing aircraft. However, the corresponding results had not been verified by any experiments. Whitfield and Srinivasan et al. [7, 8] had conducted simulations to calculate the hovering and the forward flight fields of a single rotor. The results showed that comparison of the numerical results at subsonic and transonic flow conditions was in good agreement with the experimental data for the surface pressures and the near field vortex trajectory. With the previous considerations in mind, the effects of propeller placement with respect to the airframe on performance and aircraft handling on miniature air vehicles warrant are further considered. The study on the propeller design method has also little public available information. This paper will adopt the sliding mesh technology to investigate the unsteady aerodynamic characteristics of the propeller-wing interaction for the rocket launched UAV.
Flow Configurations and Computational Method
2.1. Rocket Launched UAV Configuration. As shown in Figure 1 , the rocket launched UAV is initially folded into the narrow circular sleeve of the long-range missile. The folded components include the propeller, wing, and horizontal and vertical tails. This type of UAV can be released from the high altitude and coupled with a two-stage separated process, that is, the missile body flight at high angle of attack and UAV parachute packing tube; both of these make up the slow separation program. Carried by the deceleration parachute, the sleeve slowed down to the ground to a certain speed; the center of gravity of UAV will be hung by a line.
The corresponding aerodynamic forces could enable UAV to maintain a balance. After breaking the parachutes, the UAV would start the cruise flight. The geometric parameters of the propeller model considered are listed in Table 1 . The diameter of propeller is 271.65 mm and hub diameter is 28 mm. For the present study, we choose two blade type of propeller and the selected rotating speed ise 3000∼10000 rpm. Clark-Y airfoil has been used for the blade. There are five factors for the pitch ratio and blade installation angle, respectively. The blade twist angle is chosen as 26.5 ∘ .
For the UAV, due to the fact that our present study mainly focuses on the interaction between the rotating propeller and wing, we have simplified the corresponding geometry into two parts: fuselage and wing, removing other component parts. The NACA0012 airfoil is used for wing. The corresponding span and chord of the wing are 1.2 m and 0.066 mm, respectively. The wingtip is totally straight rectangle without any forward or backward swept angles. Figure 2 , the region of interface is composed of the surfaces A-B and B-C as well as the surfaces D-E and E-F, which can generate the surfaces a-d, d-b, and b-e, respectively [9, 10] . The two overlapped units can create the surfaces d-b, b-e, and e-c, which will form the inner airflow area. The surfaces a-d and cf will form the periodic region. During calculating the airflow of the unit IV, we can use the surfaces d-b and b-e instead of the surfaces D-E, and the corresponding information will be transmitted to the unit IV via the units I and III. In the sliding mesh calculation, computational domain mainly contains two relative movements of the subdomains. Each domain has at least one interface whose subdomain is connected to the adjacent subdomains. The entire grid computing regions are divided into two parts: inner and outer flow fields. The inner field encloses the surfaces of propeller, and the outer field is the outermost layer of the entire region which will be made as the velocity inlet and pressure outlet boundary conditions. The junction of the middle channel will be set as "interface. " Sliding mesh is often used for the nonstructure grids. The inner and outer flow fields will exchange fluxes through the interpolation. Both sides of the subdomain at the junction of the surface will not share the same grid nodes and maintain the flux conservation. The amount of relocation within the boundaries of the region will be calculated based on the relative movement between the subdomains.
Computational Method and Governing Equations

Sliding Mesh Technology. As shown in
Governing Equations.
The sliding mesh model is a special case of general dynamic mesh motion wherein the nodes move rigidly in a given dynamic mesh zone. Additionally, multiple cells zones are connected with each other through nonconformal interfaces. As the mesh motion is updated in time, the nonconformal interfaces are likewise updated to reflect the new positions for each zone.
It is important to note that the mesh motion must be prescribed such that zones linked through nonconformal interfaces remain in contact with each other (i.e., "slide" along the interface boundary) if the fluid is able to flow from one mesh to the other. The integral form for any flow scalar in any control body's transport equation can be written as
where is the gas density, ⇀ is the uniform flow velocity, ⇀ is the sliding mesh speed, Γ is the dissipation factor, is the source term, and stands for control volume boundary. The fundamental difference between sliding mesh transport equation and ordinary transport equation lies in the representative grid movement,
Because the mesh motion in the sliding mesh formulation is rigid, all cells retain their original shape and volume. As a result, the time rate of change of the cell volume is zero. So the control volume +1 at any + 1 moment can be calculated as
Then the first-order backward difference discrete will be simplified to
where and + 1 represent the current time and the subsequent moment, respectively. Figure 3 divided into 24 subdomains, which would be meshed with structural grids. During meshing the unstructured grids in the dynamic zone for the propeller, as shown in Figure 3 (b), the size function has been adopted to control grid size and generate the five-layer 1.3 times the scale of three prism grids near the blade surfaces [13] . The stationary zone and dynamic zone are combined with interface technology, generating all the computational flow of the rocket launched UAV propeller.
Boundary Conditions. As shown in
The radial length of the computational domain is 30 times of the cross-section the UAV fuselage. The whole mesh has been smoothed and swapped, which can rebuild the nodes, modify the connectivity of units, and improve the accuracy of the calculation. The free stream velocity considered is at 25 m/s and the corresponding Reynolds number (Re) is based on 1.6 × 10
5 . In the numerical simulation, the couple-implicit solver is used. SIMPLE iteration is adopted with the wall functions. Figure 4 , 0 represents the angle between the synthesis speed and rotation plane. 
Theoretical Calculation for the Thrust Force Created by the Rotating Propeller. As shown in
where is the UAV flight speed and is the rotating speed of the propeller. Then the lift force created by the rotating propeller can be written as
where is the geometric pitch, d is the diameter of propeller, represents the downwash corrected factor ( = 0.95), 0 is the zero lift angle of attack for propeller blade ( 0 = −5 ∘ ), is the chord exhibition position reference ( = 0.5), and is the blade utility area coefficient ( = 0.8). According to the lift equation, the corresponding force can be written as
Advances in Mechanical Engineering 5 where represents the drag-lift angle, and is the corrected factor for the blade tip shape ( = 1.30). Then the thrust force created by the rotating propeller can be written as
Results and Discussion
Comparison of the CFD, Theoretical, and Experimental
Results. Figure 5 we can see that the six grid sizes studied do not deviate from each other within 2%. As a result, we adopt the 401 × 201, 3 − 5 grid for the subsequent computation. Subsequently, the reliability of the numerical method should be verified. The test model now is the same as the experimental test [11] . The thrust characteristics of the rotating propeller at different rotating speeds are compared.
As shown in Table 2 , the theoretical data has shown the excellent agreement with the experimental data, showing that this theory can be used to predict the thrust force generated by the rotating propeller. For the CFD data, the maximum difference is within 4.53% comparing with the experimental data from Chen et al. [11] , and the minimum difference is within 0.5%. Considering the accuracy of the measurement method and the simulation errors, the comparisons are showing reasonable overall quantitative agreement, showing the accuracy of the present CFD approach. Figure 6 has shown that the thrust, torque, and propeller efficiency changed with different rotating speeds for the present studied propeller model. From the previous figures we can see that the thrust force and torque are increasing with the increase of the rotating speed (ranging from 3000 to 10000 rpm). For the propeller efficiency, the corresponding curve has experienced firstly an increasing and then a decreasing trend. The efficiency will reach the maximum at about = 6000 rpm in values. Therefore, we choose = 6000 rpm for the subsequent computation.
Propeller-Wing Interaction (without Flight Speed).
As shown in Table 3 , a representative portion of a data set for the speed setting of 6000 rpm and fixed 0 = 0 is included to show the various forces and moments. The lift created by the propeller is almost zero for the present studied propeller locations. The drag can be seen to remain relatively unchanged as the wing moved progressively closer to the propeller until 0.056 away from the propeller, where a nearly 20% increase occurred. However, the varied propeller position 0 has a negligible effect on propeller thrust and torque.
The reason for the almost zero lift can be mainly attributed to the effect of the rotating propeller shown in Figure 7 ; the entire aircraft will be subjected to the slip flow region created by the rotating propeller. As the blades rotate counterclockwise, this can produce the upwash effect on the right wing and downwash on the left wing. Consequently, the effective angles of attack of the right wing will be increased and the corresponding lift will be increased. Affected by the downwash effect, the effective angles of attack for the left wing will be decreased, and then the lift will be decreased. These two effects compensate each other, making the lift have no significant change.
The axial induced velocity created by the rotating propeller can generate induced resistance. When the propeller moves closer to the wing, the corresponding impacts on the entire aircraft will become greater, so the resistance can reach the maximum at the close-coupled position. Because the rotating propeller could generate thrust by itself and it is also affected by the reaction force from the aircraft, these effects are quite small. Therefore the basic thrust always remains unchanged. Without the air flow, the torque of the propeller has not been affected by the flow, which was only created by the rotating motion, so the torque has also remained constant. For a constant flying speed, if the rotating speed increases, the blade tangential velocity will be increased and the corresponding pitch ratio ( = / ) will be decreased. The propeller thrust and torque are always increasing as the speed increases within a certain range. However, the efficiency of the propeller is not always proportional to the rotating speed.
The tip speed of the blades = √ 2 + ( ) 2 , and the tip Mach number = / = √ 2 + ( ) 2 / . is directly related to the flight speed, propeller diameter, and rotating speed. If the rotating speed is too fast, can reach the higher value, due to the effects of air compression. This can create shockwave loss on the paddle tip and result in a sharp decline in the efficiency of the propeller. It even can produce a great aeroacoustic. In order to make the efficiency of the propeller reach the maximum level in flight state, should be maintained not more than 0.95∼0.97. By reducing the circumference tip speeds of the propeller to reduce can become feasible.
Propeller-Wing Interaction (with Flight Speed).
As shown in Table 4 , the lifts on the right and left wing have been changed due to the propeller slipstream effect. However, in the slip flow region, the right and left wings have experienced the induced resistance, so drag characteristics remained basically unchanged. Based on this, we intercepted four sections, which are located at = 0.05, −0.281, −0.65, and 0.03, which are relative to the head of aircraft ( = 0). In section I ( = 0.05 m) shown in Figure 8 (a), the rotating propeller has generated the vortices, which have the same direction as the rotating propeller. The vortex core is at the center of vortex, and its intensity is also the largest. The convolution effect in the middle of the blade has reached the maximum. However, due to the propeller tip effect, both ends of the wing tip have generated other two secondary vortices at the same time. Two vortices have been shown to be antisymmetric with the axis.
When the air flows over section II ( = −0.281 m) shown in Figure 8(b) , the flow pattern is roughly the same as in section I. The only difference is that the vortex intensity has been reduced. The closer to the wing root, the faster the air will be accelerated. Both the bottom of the left wing tip and the top of the right wing tip have generated their own vortices. The corresponding pressure cloud has also shown that, due to the propeller slipstream effect, the wing surface pressure distributions have shown apparent asymmetry.
When the flow developed closer to horizontal tail, that is, section III ( = −0.65 m) shown in Figure 8 But between the propeller and wing shown in Figure 9 , the slipstream generated by the rotating propeller has been roughly divided into three parts. (1) The inner layer has created a whirlpool, where the core is in the center. The rotating direction of the airflow around the propeller has been shown to be the same as the direction of the rotating propeller.
(2) The outer layer: the airflow has been speeded up along the axis and caused the vortices. (3) The middle layer: two "ears" have been generated here, and the vortex core is not clear. All of these fully showed that the slipstream of the propeller is constantly changing along the axial direction.
As shown in Figure 10 , whether the propeller is on or off, the static pressure distributions around the upper and lower left and right wing surfaces have been changed. Firstly, the lower surface of the left wing along the spanwise has changed in trend. To take the left wing for example, without the propeller, the static pressure distributions along the spanwise are gradually reduced in the direction to the wing root (absolute). However, when the propeller begins to rotate, the overall trend of the static pressure distributions is showing the negative increase trend. Then the upper surface is shown to be different from the lower surface. Comparing with the no propeller case, the overall trend of the static pressure distributions for the propeller on case is almost identical, but it has about 12% of the negative directional increase. In the theoretical calculation, the slipstream diameter should remain unchanged. However, the propeller slipstream will be mixed with the surrounding air and the viscous dissipation; this can make the slipstream diameter diffuse outward continuously. As shown in Figure 11 , the effects on the left and right wings created by the propeller slipstream are basically concentrated near the fuselage, and the spanwise scale is always located between 0 and 0.03 m; after that, the propeller slipstream effect on the wing will get much weaker.
The angle between the profile chord line and rotating propeller surface is defined as blade installation angle . In order to make the entire propeller blade work under the favorable angle of attack, the blades must be reversed in the radial direction. Therefore, the blade installation angle will be always changed along the blade radius direction. In the present study, we mainly select four typical installation angles for the further research: = 30
The blade twist angle is set as 26.5
∘ .
As shown in Table 5 , keeping and unchanged, as the blade installation angle increases, the thrust will be constantly increasing. The effective power of the propeller is also increasing at the same time. However, for the torque of the propeller blades, because the installation angle increases, it has made the effective angle of attack increased when the air flowed through the blade. So both the torque relative to the propeller hub and the absorbed power are increasing. However, the efficiency of the propeller is not always proportional to the size of blade installation angle . As shown in Figure 12 , the efficiency of propeller has reached to maximum at = 38 ∘ . In other positions, cannot achieve its best. This is mainly due to the fact that the air flowing through each section of the blade is composed of the forging speed along the rotating axis and the tangential speed created by the rotation. When the installation angle ( ) increases to a certain value, angle of attack of the blade will reach its greatest. However, in some profiles, the angle of attack is too large which can exceed the stall boundary. Once happened, the aerodynamic characteristics of the propeller would become bad. The thrust created by the propeller will also decrease sharply. The thrust curve has also tended to be moderate at = 50 ∘ and 55 ∘ .
Conclusions
(1) As the propeller rotates counterclockwise, it can produce the upwash effect on the right wing and downwash on the left wing. These two effects compensate each other, making the slipstream generated by the rotating propeller have little effect on the lift characteristics of the whole rocket launched UAV.
(2) The axial induced velocity created by the rotating propeller can generate induced resistance. As the propeller moves closer to the wing, the impacts on the entire aircraft will become greater. The corresponding drag can reach its maximum at the close-coupled position (about 20% increment).
(3) Because the rotating propeller can generate thrust by itself and it is also affected by the reaction force from the aircraft, these effects were quite small, and the basic thrust remains constant. When there is no flight speed, the torque of the propeller will not be affected by the airflow it is only generated by the rotating motion. So the torque always remains unchanged and has nothing to do with the varied pitch ratio. (4) Comparing with the absence of the propeller, in the presence of the propeller slipstream, the lower surface of the wing along the spanwise has changed in trend, but the upper surface is different from the lower surface. The overall trend of the static pressure distribution is identical, but it has about 12% of the negative directional increase. 
